The adsorption energy of atomic Fe on TiN (001) surface was examined by first-principles calculations. The inter-atomic interaction mechanism between TiN crystal and Fe atom was investigated using ab initio molecular dynamics simulation. It was found that the N site is more preferable than Ti and bridge sites for Fe atom. These results may be of importance for further understanding heterogeneous nucleation mechanism.
Introduction
Non-metal inclusions such as TiN particles in steel are of importance for acting as preferential heterogeneous nucleation sites. [1] [2] [3] [4] The steels can solidify with a well-refined equiaxed structure with sufficient additions of TiN particles. There are important technological and fundamental physical reasons for an increased understanding of heterogeneous nucleation mechanism of delta iron on the TiN substrate. Computer simulations are well-suited for unraveling details of reaction dynamics at surfaces which are difficult to explain by means of experiments. In recent years, the interfaces between bcc Fe and transition metal nitrides have been examined by a number of researchers. [5] [6] [7] [8] Mizuno et al. calculated the chemical bonding at the interface between bcc Fe and TiN and it was found that the Fe on N site geometry is more preferable than the Fe on Ti site geometry. Furthermore, they found that the contribution of the chemical bonding for the ferrite nucleation seems to be larger than that of the mismatch strain. 5) A first-principles study was carried out on the misfit strain energies at coherent interfaces between bcc Fe and nitrides by Jung et al. and they found that the difference of interface energy among different types of transition nitrides was closely related to the changes of the bond energies between Fe, transition element and N atoms before and after the formation of the interface. 6) Hartford 7) calculated the Fe/VN interface energy. Johansson et al. 8) developed and applied an ab initio based approach to determine energies and structures for semi-coherent interface between Fe (001) and VN (001). Cantor and Kim 9, 10) have proposed that, it seems more reasonable to regard heterogeneous nucleation as an adsorption process. Solid nuclei are formed by adsorption of the solidifying atoms on the efficient catalyst surface, rather than by the formation of a bulk spherical cap. Accordingly, as the early stage of the delta Fe nucleation on heterogeneous nucleation site during solidification, the Fe atoms will precipitate on to the TiN surface. However, no theoretical calculations concerning the adsorption of Fe atoms on the surface of heterogeneous nucleation site have previously been reported in the literature.
In this paper, the adsorption energies, geometry optimizations and dynamic information of Fe atom adsorbed on TiN (001) surface at different adsorption sites have been investigated using first-principles calculations and ab initio molecular dynamics (AIMD) simulations.
Method
Firstly, structure relaxations were performed using firstprinciples simulations. The generalized gradient approximation (GGA) by Perdew and Wang 11) was adopted to evaluate the exchange and correlation energy. The ultra-soft pseudopotential 12) was used and the cut-off energy set for the plane wave basis was chosen at 370 eV. The periodic boundary condition was applied to all directions. We used a lattice constant of 4.267 m À10 which corresponds to the calculated TiN bulk equilibrium lattice constant. A super-cell approach was used for modeling the surface of TiN (001), consisting of five atomic layers. In order to prevent interactions occurring between periodic images under the application of periodic boundary conditions, a vacuum space of 10 m À10 has been inserted in the Z-direction. During the simulation, the bottom two TiN layers were fixed while the rest of the layers, as well as Fe atom, were allowed to relax. The system size is limited to tens of atoms because of the computing cost. In the simulation, a (1Â1) cell with five layers was used, with one Fe atom adsorbed on one side of the slab in either atop, or bridge (Fig. 1) . The Fe atom was located 2 m À10 above the TiN (001) surface. Then, in order to achieve more dynamic information and comprehensive understanding of the Fe atom adsorption on TiN (001) surface, ab initio molecular dynamics (AIMD) calculations were performed at 1808 K, using a time step of 0.5 s À15 for up to 1 s À12 . The algorithm of Nose 13) has been used to control the temperature and the algorithm of Verlet 14) has been used to integrate the equations of motion. The NPT ensemble was used in the calculation.
A comparison of the adsorption energies of Fe atom on different TiN (001) surface sites could possibly give information about preferred surface sites during thin Fe film growth and consequently a clue to evolving delta Fe crystal structures. First principle single point energy calculations were carried out for three initial adsorption configurations and the adsorption energy 15, 16) of the Fe atom has been calculated by
where E ðFe+TiNÞ , E TiN , E Fe represent the total energies of Fe/TiN(001) system, TiN (001) surface and the isolated Fe atom, respectively. A more negative binding energy indicates a more favorable structure.
Results and Discussion
The adsorption energies of Fe on the bridge, N and Ti sites of TiN (001) surface are À5:02 eV, À5:81 eV, and À4:12 eV, respectively. The difference in magnitude of the adsorption energy indicates that Fe atom is more strongly bound to the N site. Figure 2 shows the relaxed geometric structures of the Feadsorbed TiN (001) surface after first-principles calculations. It was found that the relaxed geometry of Fe atom adsorbed on the bridge site was almost the same as the relaxed geometry of Fe atom adsorbed on the N site. However, the Fe atom adsorbed on the Ti site did not migrate to the N site after geometry relaxation. A discrepancy has been found between the geometry relaxation results and the forecast based on the adsorption energy calculation. The reason could be that the default temperature in the first-principles calculations was set at 0 K. However, it is well known that the initial heterogeneous nucleation of Fe on TiN (001) surface is happened just below the melting point of Fe and the temperature can have large effects on the dynamics of the atom adsorption process. The effects of temperature could be studied by ab initio molecular dynamics simulations. Therefore, ab initio molecular dynamics simulations were performed to monitor the mobility and geometric changes of the surface and it can help to explain the heterogeneous nucleation mechanism of delta Fe. Figure 3 shows the snapshots of the Fe adsorbed on TiN (001) surface at three different initial sites. During the simulation at 1808 K, the Fe atom starts to approach and then adsorbs onto the TiN (001) surface, accompanied by a decrease in the potential energy. The geometry optimizations of the structures have resulted in nearly the same final location for three different initial adsorptions. The simulation results indicate that the N site on TiN (001) surface is Fig. 2(a) and Fig. 3(a) , it is found that the Fe atom in the relaxed configurations stay at different positions. This is because the mobility of adsorbed Fe atoms on TiN (001) surface is governed by the activation energy barrier required for the Fe atom to move from one site to another site. It must be noted that the optimized geometry shown in Fig. 2(a) was determined from calculation at 0 K. However, the adsorption of Fe atom on TiN (001) surface occurs early in the very beginning of iron solidification. Hence, the calculation results of ab initio molecular dynamic simulations at high temperatures are more reasonable.
Further details of the adsorption process can be obtained by examining the distance between the Fe atom and the top layer of TiN (001) Fig. 5. From Fig. 5 , it can be seen that the displacements of the Fe atom in x-and y-directions are more localized on the N site than that on the Ti and bridge sites. The effective atomic charges of the Fe atom adsorbed on TiN (001) surfaces were obtained by the Mulliken population analysis 17) and are listed in Tables 1-3 . The phenomenon of electron redistribution has been observed in the outmost layers after ab initio molecular dynamics simulation and these electrons move among the Fe, Ti and N atoms. The charge transfer is accompanied by the changing of the electrostatic repulsion between the atoms in the outmost layers, which results in vertical and horizontal direction displacement and bond length change in all three kinds of geometric structures. The amount of the transferred charges varies with the initial adsorption sites.
Conclusion
In conclusion, the adsorption of Fe atom on TiN (001) surface has been examined using first-principles calculation and ab initio molecular dynamics simulations. It was found that the Fe atom adsorbed on the Ti site did not migrate to the N site after static calculation at 0 K. However, the optimized adsorption position for the Fe atom is on the N site at 1808 K. The Fe atom shows more localized on N site than other two sites. The fundamental phenomena discussed in this paper may be an important clue to explore more complicated problems for the heterogeneous nucleation of delta Fe on TiN (001) surface. In order to obtain a detailed mechanism for the complexity of the heterogeneous nucleation of iron on TiN surfaces, further theoretical works are expected. 
